Abstract 23
Individuals learn new skills at different rates. Given the involvement of corticostriatal pathways 24 in some types of learning, variations in dopaminergic transmission may contribute to these 25 individual differences. Genetic polymorphisms of the Catechol-O-methyltransferase (COMT) 26 enzyme and Dopamine Receptor D2 (DRD2) genes partially determine cortical and striatal 27 dopamine availability, respectively. Individuals who are homozygous for the COMT Methionine 28 (met) allele show reduced cortical COMT enzymatic activity, resulting in increased dopamine 29 levels in the prefrontal cortex as opposed to individuals who are carriers of the Valine (val) 30 allele. DRD2 G allele homozygotes benefit from a higher striatal dopamine level compared to T 31 allele carriers. We hypothesized that individuals who are homozygous for COMT met and DRD2 32 G alleles would show higher rates of motor learning. Seventy-two young healthy females (20 ± 33 1.9 yrs) performed a sensorimotor adaptation task and a motor sequence learning task. A non-34 parametric mixed model ANOVA revealed that the COMT val-val group demonstrated poorer 35 performance in the sequence learning task compared to the met-met group, and showed a 36 learning deficit in the visuomotor adaptation task compared to both met-met and val-met groups. 37
The DRD2 TT group showed poorer performance in the sequence learning task compared to the 38 GT group, but there was no difference between DRD2 genotype groups in adaptation rate. 39
Introduction 48 49 Practice of a motor task results in improved performance. However, there is variation in the 50 rate of improvement across individuals. Recent work has demonstrated that investigating the 51 sources of these individual variations-as opposed to treating them as "noise"-can aide in 52 identification of the underlying neurocognitive mechanisms of behavior (Bo and Seidler, 2009; 53 Frank et al., 2009; Anguera et al., 2010; Kanai and Rees, 2011) . 54
Several associations have been identified between genetic polymorphisms and inter-55 individual performance variation, in factors ranging from neuroanatomical phenotypes such as 56 cortical size or integrity of gray/white matter (Rimol et al., 2010) to the function and availability 57 of various neurochemicals (Erickson et al. 2008 ). In the current study, we used two motor 58 learning paradigms (sequence learning and visuomotor adaptation) to investigate first, whether 59 genetic polymorphisms of two dopaminergic genotypes (COMT val158met and DRD2 G>T) 60 serve as an index of individual differences in motor learning, and second, to what extent these 61 effects depend on the type of task being learned. 62
Motor sequence learning is defined as acquisition of a series of new skills (e.g. learning 63 how to play guitar or drive a car) through practice (Doyon, 2008) , which ultimately leads to 64 automated performance with high accuracy and fast execution time. Sequence learning has been 65 shown to rely on corticostriatal pathways (Doyon et al., 1997 (Doyon et al., , 2003 Doyon and Benali, 2005; 66 Rieckmann et al., 2010) and is associated with visuospatial working memory capacity (Bo and 67 Seidler, 2009) . 68
Visuomotor adaptation involves adapting motor output to account for distortion of visual 69 representations of movement (for example, adjusting to mirror representations of objects and 70 their distances while driving a car) (Krakauer, 2009) . Sensorimotor adaptation has been linked 71 to cerebellar and parietal regions (Clower et al., 1996; Imamizu et al., 2003) . There is some 72 controversy over whether this type of learning also relies on corticostriatal pathways; we have 73 reported bilateral basal ganglia activation during the early stages of this type of learning (Seidler 74 et al., 2006) whereas others have not (Krakauer et al., 2004) . Moreover, several studies have 75 documented that patients with Parkinson's disease exhibit normal visuomotor adaptation 76 (Muslimović et al., 2007; Bédard and Sanes, 2009 ) but others have reported impairments (Doyon 77 et al., 1997; Contreras-Vidal and Buch, 2003; Shin and Ivry, 2003; Paquet et al., 2008; Leow et 78 al., 2013) . Thus the extent to which adaptation relies on corticostriatal pathways remains an 79 open question. 80
Markers of individual differences, particularly, the alleles of genes involved in 81 dopaminergic metabolism, may help to clarify the underlying mechanisms of these two types of 82 learning. Recent findings of genotype associations on dopamine availability in the prefrontal 83 cortex and corticostriatal circuits highlight the role of a single nucleotide polymorphism of the 84 Catechole-O-methyltranspherase (COMT) gene at codon 158/108 (Krämer et al., 2007; Frank et 85 al., 2009) . The substitution of a Valine (val) with Methionine (met) allele at this codon (G to A) 86 results in reduced COMT enzymatic activity, which leads to less dopamine degradation and 87 higher prefrontal dopamine availability (Chen et al., 2004) . COMT met homozygotes show 88 comparatively better performance in working memory tasks (Malhotra et al., 2002; Foltynie et 89 al., 2004; Dumontheil et al., 2011) . It is unknown whether individuals homozygous for the met 90 allele exhibit faster motor learning. However, the positive association between working memory 91 efficacy and the increased rate of both sequence learning and visuomotor adaptation (Bo and 92 Seidler, 2009; Anguera et al., 2010) raises the possibility that met homozygotes will learn these 93 two tasks more quickly and accurately than val-met or val-val individuals. 94
In addition to COMT val158met, the DRD2 G>T polymorphism influences dopamine 95 availability by regulating the expression of striatal dopamine receptors. D2 receptor activity in 96 the striatum has been associated with motor control, coordination, and error avoidance (Xu et al., 97 2007; Doll et al., 2011) . The T allele of the DRD2 genotype (rs 1076560) is associated with 98 reduced D2 expression and consequently with declines in cognitive and motor processing 99 performance (Bertolino et al., 2009) . Individuals who are carriers for the DRD2 T allele show a 100 greater area of activated brain regions and reduced levels of performance in working memory 101 tasks, indicating less efficient neural processing (Zhang et al., 2007) . Furthermore, we have 102 recently shown that DRD2 genotype is predictive of the effect that L-DOPA has on motor 103 sequence learning in patients with Parkinson's disease (Kwak et al., 2013) . 104
Here we evaluated the proposed role of alleles for genes involved in dopaminergic 105 transmission (COMT val158met, and DRD2 G>T) as an index of individual differences in motor 106 sequence learning and visuomotor adaptation. We hypothesized that individuals homozygous for 107 high-performance-associated alleles (COMT-met and DRD2-G) would demonstrate faster rates 108 of motor learning and adaptation. We also determined genotype effects on working memory 109 performance and its relation to rate of learning. 110 111
Materials and Methods 112

Participants: 113
We recruited seventy-two young (20 ± 1.9 yrs) healthy females of Caucasian / European 114 descents. We limited the gender and ethnicity of our recruitment because these factors are 115 thought to interact with genotype effects for our genes of interest (Duara et al., 1996; Farrer et 116 al., 1997) . With the adjusted α=.01 and maintaining the power of .08, we were able to detect a 117 moderate effect size of d=.45 for the current sample size. Participants were excluded for any 118 major medical issues or neurological impairment. Individuals participated in two test sessions 119 scheduled on consecutive days. The University of Michigan Institutional Review Board 120 approved the study, and all participants gave their written informed consent prior to starting 121 study procedures. Two subjects were excluded due to missing data. 122
Genotyping: 123
Saliva samples were obtained from all participants with an Oragene DNA self collection kit. 124
Following the same protocol that we have used previously (Kwak et al., 2013) , genotype analysis 125 was performed using a polymerase chain reaction. The single nucleotide polymorphisms (SNPs) 126 for COMT (rs4680) and DRD2 (rs1076560) were determined. The number of subjects in each 127 genotype group was as follows for COMT (met-met=20, val-met=35, val-val=11) , and DRD2 128 (GG=45, GT=22, TT=3) ( Table 1) . The COMT genotype could not be determined for four 129 subjects due to DNA contamination. The allelic genotype distributions were consistent with the 130 literature and the typical ratio in the population (according to Hardy-Weinberg equilibrium) 131 (Lindenberger et al., 2008; Bertolino et al., 2009) . 132 Table 1 approximately here 133
We also defined an independent factor based on the number of alleles associated with high 134 performance that each subject carries. Based on the number of COMT-met and DRD2-G alleles, 135 individuals can be carriers of 0,1,2,3, or 4 high performance alleles ( Table 2) . As shown in Table  136 2, all participants had at least one high performance allele. 137
138 Table 2 approximately here 139 140 Although previous researchers have proposed different loci of the effect for each genotype, most 141 recent studies have emphasized differences caused by the presence of high or low performance 142 alleles. The effect of a single genotype on measured variation in phenotype can be examined as 143 using several models. In a "dominant" model, individuals having either one copy or two copies 144 of a specific allele can be classified as a single group. For example, if the "val" allele of COMT 145 were modeled as a "dominant" effect, individuals with either one copy (heterozygous, val-met) 146 or two copies (homozygous, val-val) are assigned to one group and compared to the group of 147 homozygote met-met individuals. In an alternative model, three separate groups are assigned: (1) 148 homozygous val-val, (2) homozygous met-met, and (3) heterozygous val-met, where each of the 149 three groups may result in a different phenotype outcome. If the three phenotype groups differ 150 and show a directional influence of the number of alleles held by an individual (e.g. the average 151 phenotype value of val-met group is between the val-val and met-met groups), then the model 152 can be described as "additive". Here we applied the "additive" model since our preliminary 153 analysis showed a direct effect of each genotype group which would be overlooked if we used 154 the "dominant" model. 155
156
Sensorimotor tasks: 157
Motor Sequence Learning 158
Visual stimuli were presented in a random ("R") or sequential ("S") pattern on the computer 159 screen, and participants were instructed to make responses to them by pressing the corresponding 160 button on a bimanual key-press device in front of them as quickly and accurately as possible (Bo 161 and Seidler, 2009; Kwak et al., 2010) . The sequences consisted of 8 repeating elements (e.g. 162 2,1,4,2,3,1,3,4). Throughout the experiment, participants learned the repeating pattern and 163 became able to predict the next element, and consequently, responded faster. The same structure 164 (i.e. no runs of 1,2,3,4, no trills 1,2,1,2 and no repeats of the same element in a row) existed in 165 the random blocks; however, elements did not repeat in a specific pattern. There were 96 trials 166 within each of 11 blocks appearing in the following order: R1-R2-S3-S4-R5-S6-S7-R8-S9-S10-167 R11. The first block (R1) was to acquaint participants with the task, and was not included in the 168 analyses. However, it was depicted in the figures to reflect the familiarization process of the task, 169
showing the reaction time alterations in the transition from block 1 to block 2. Each block started 170 with the appearance of a message on the screen to explicitly inform the participant that the 171 following block would be either "R" or "S". When participants made an error, the same trial 172 repeated again. Blocks were divided into three different stages of learning: early, middle, and 173 late; the first block was considered as baseline performance and it was not included in the 174 analysis. Across the sequence and random pairs of blocks, we categorized the last sequence 175 blocks and the subsequent random blocks into three pairs: S4&R5, S7&R8, S10&R11 176 representing three learning phases, early, middle and late, respectively. In each pair, we 177 identified the learning extent by subtracting the mean reaction time of the random block, from 178 the mean reaction time in the previous sequence block. The dependent variables for this task 179 were the participant's mean reaction time, the extent of learning in each phase, and the mean 180 number of errors that each participant made across blocks (accuracy factor). 181
Visuomotor adaptation 182
In the Visuomotor Adaptation task, participants manually controlled the movement of a 183
cursor on a computer screen with a Logitech Extreme 3D joystick. The movement starting point 184 was the center of the screen, and the target was a red circle that randomly appeared for 4 seconds 185 either above, below, to the right, or the left of the central location. Data were sampled at 250 Hz and the inter-trial interval was approximately 5 seconds. Participants were instructed to move the 187 cursor with the joystick to the target on the computer screen and wait until it disappeared before 188 returning the cursor back to the central start location. There were 14 blocks, with each including 189 24 trials. After the first two blocks with veridical visual feedback, a 30° clockwise rotation was 190 applied to the cursor feedback. Participants were not advised of the rotation and they needed to 191 adjust their movement to the required direction and move the cursor to the correct spot. The 192 angle between the line made by the participant's movement at the time of peak velocity and the 193 line connecting the starting point to the target was defined as the Direction Error (DE). The rate 194 of adjustment was calculated based on the size of DE and the exponential decay across 195 adaptation trials. The last two blocks were the washout period when the visual feedback was 196 returned to normal (Anguera et al., 2009 , 2011 Visual Array Change (VAC) 200
201
We modified Luck and Vogel's visuo-spatial working memory task (1997) . In our design, 202 there were 150 trials (5 sets of 30 trials). Each trial consisted of two arrays of colored squares 203 displayed on the computer screen: a sample array and a test array. The first array (sample array) 204 was presented for 250ms, followed by a blank screen and immediately, the same array of squares 205 appeared in the exact same positions on the screen, except that one of them was encircled (test 206 array). Participants had to indicate whether the encircled square in the test array had the same 207 color as the one that had been presented just before in the sample array. The array size (number 208 of squares in each array) was randomly changed between 2, 4, 6, 8 or 10. Participants were 209 instructed to press the "A" key if the encircled square had the same color, and the "L" key if it 210 appeared in a different color. Sets were divided evenly between each correct response (i.e., 15 A, 211 15 L), and the response duration was subject dependent. We calculated the VAC score based on To account for the effect of small sample sizes in some of the genotype cells and the non-231 normality of groups' distribution, we conducted a non-parametric mixed model ANOVA (using 232 a bias corrected accelerated bootstrap) for both the sequence learning task and visuomotor 233 adaptation tasks. The genotype effect on reaction time in motor sequence learning was 234 determined by using genotype as a between subject factor (fixed factor) and blocks as within 235 subject factor (repeated factor). The same method was applied for assessing genotype effects on accuracy. The result of these analyses indicated whether there is a main effect of genotype, 237 block, or a genotype by block interaction. We controlled for the effect of multiple comparisons 238 for the five different phenotypes by adjusting the p value to p≤.01 for the omnibus F tests. 239
In addition, for the sequence learning task we categorized the last sequence blocks and 240 their subsequent random blocks into three pairs: S4&R5, S7&R8, S10&R11, representing three 241 learning phases: early, middle and late, respectively. Using each pair as a within subject factor 242 and genotype as a between subject factor, we were able to identify whether there is a main 243 genotype effect on the extent of learning in each phase. The post hoc Mann Whitney U test was 244 conducted based on the difference of average reaction times (RT) in each phase as follows for 245
Early=mean RT R5 -mean RT S4 , Middle=mean RT R8 -meanRT S7 , Late=mean RT R11 -meanRT S10 . 246
It was also used as a follow up analysis on the average reaction time and average number of 247 errors across all blocks. 248
We also applied a non-parametric linear regression to find whether there is a correlation 249 between learning extent in each phase and the number of high performance alleles that each 250 subject carries. 251
The same non-parametric mixed model ANOVA was used for analyzing the visuomotor 252 adaptation task, using genotype as a between subject factor (fixed factor) and block as a within 253 subject factor (repeated factor). These analyses determined whether there is a main effect of 254 genotype or block on the size of direction error. Also, whether there is a genotype by block 255 interaction reflecting the genotype effect on the rate of motor adaptation. A non-parametric linear 256 regression was applied to find whether there is a correlation between the rate of adjustment and 257 number of high performance alleles as well.
The genotype effect on working memory capacity was assessed using a non-parametric 259 one-way ANOVA, taking the VAC and Card Rotation scores as dependent variables, and COMT 260 and DRD2 genotypes as between subject factors. The VAC score and Card Rotation score were 261 used as measures of working memory capacity. Additionally, a non-parametric linear regression 262 was conducted to find a correlation between the working memory capacity and number of high 263 performance alleles. 264
265
Results 266 267
Motor Sequence Learning 268 269
Reaction Time_ COMT: We found a main effect of block (F 10 =25, p=.0001), and a main 270 effect of COMT genotype (F 2 =16.3, p=.0001) but no block by COMT interaction on reaction 271 time from the sequence learning task (F 20 =.30, p=.99). A post hoc Mann Whitney U test was 272 conducted on the average reaction time across blocks and showed that the main effect of COMT 273 is driven by a significantly higher reaction time of the val-val group compared to the met-met 274 group (U=67, p=.03). Also, the main effect of block is driven by higher reaction time in random 275 blocks compared to sequence blocks (U=27827.5, p=.0001) (Figure 1a) . 276
277
Learning extent_ COMT: An exploratory analysis was conducted to compare the 278 performance in the last sequence block with the subsequent random block in each phase of 279 learning (i.e. blocks 4 and 5 in early, blocks 7 and 8 in middle, and blocks 10 and 11 in late 280 learning phase). A non-parametric group by block S4-R5 mixed model ANOVA showed a main 281 effect of block (F 1 =29.56, p=.0001), no main effect of COMT (F 2 =3.01, p=.052), and no COMT 282 by block interaction (F 2 =.29, p=.74). For the middle learning phase, a non-parametric group by block S7-R8 mixed model ANOVA revealed a main effect of block (F 1 =44.22, p=.0001), and a 284 main effect of COMT (F 2 =4.23, p=.01), but no COMT by block interaction (F 2 =.56, p=.56). 285
Lastly, a non-parametric group by block S10-R11 mixed model ANOVA revealed a main effect of 286 block (F 1 =57.8, p=.0001), but no main effect of COMT (F 2 =1.54, p=.21), nor a COMT by block 287 interaction (F 2 =.24, p=.78). The post hoc Mann Whitney U test for the average reaction time 288 (RT) in each learning phase did not show any significant difference between COMT genotype 289 groups. 290
In sum, all participants learned the sequence equally well, regardless of COMT genotype. 291
The met-met group exhibited shorter reaction times than the val-val group, but this effect was not 292 sequence-specific (Figure 1a) . Whitney U test for the average number of errors across blocks revealed no significant difference 300 between the numbers of errors made by each COMT genotype group, making it difficult to 301 disentangle the source of the COMT main effect (Figure 1b) . Reaction Time_DRD2: The non-parametric group by block mixed model ANOVA revealed 306 a main effect of block (F 10 =6.44, p=.0001), and a main effect of DRD2 genotype (F 2 =6.83, 307 p=.001), but no DRD2 by block interaction (F 20 =.29, p=.99) on reaction time in the motor 308 sequence learning task (Figure 2a) . The post hoc Mann Whitney U test on average reaction time 309 across blocks showed only a trend for higher reaction time of the TT group compared to the GT 310 group (U=12, p=.07). No significant difference was found between GG and TT, or GG and GT 311 groups' reaction times. Also, the main effect of block is driven by the higher reaction time in 312 random blocks compared to sequence blocks (U=27827.5, p=.0001). 313
314
Learning Extent_ DRD2: Similar to COMT genotype described above, an exploratory 315 analysis was conducted to compare the performance in the last sequence block with the 316 subsequent random block in each phase of learning (i.e. blocks 4 and 5 in early, blocks 7 and 8 in 317 middle, and blocks 10 and 11 in late learning phase). A non-parametric group by block S4-R5 318 mixed model ANOVA revealed a main effect of block (F 1 =9.83, p=.002), but no main effect of 319 DRD2 (F 2 =1.40, p=.24), nor a DRD2 by block interaction (F 2 =.12, p=.88). A group by block S7-R8 320 showed a main effect of block (F 1 =10.95, p=.001), but no main effect of DRD2 (F 2 =1.62, p=.20), 321 nor a DRD2 by block interaction (F 2 =.69, p=.50). A group by block S10-R11 revealed a main effect 322 of block (F 1 =13.58, p=.0001), but no main effect of DRD2 (F 2 =.55, p=.57), nor a DRD2 by 323 block interaction (F 2 =.82, p=.44) (Figure 2a) . Mann Whitney U test for the average number of errors across blocks showed a trend for a larger 331 number of errors made by the GT group compared to the GG group (U=358, p=.06) (Figure 2b) . 332 In sum, all individuals learned the sequence equally well regardless of DRD2 genotype. 337
TT genotype was associated with longer reaction times whereas the GT genotype was associated 338 with more errors, but these effects were marginally significant, and not sequence-specific. 339
340
Sequence learning_ high-performance alleles: No significant correlation was found 341 between the number of postulated "high-performance alleles" (NHPA) and the learning extent in 342 each learning phase using a non-parametric linear regression (Early: R=.15, F 1,66 =1. 65, p=.20; 343 Middle: R=.17, F 1,66 =2.12, p=.15; Late: R=.19, F 1,66 =2.62, p=.11). Also, there was no correlation 344 between NHPA and average reaction time across blocks (R=.16, F 1,66 =1.83, p=.18). However, a 345 non-parametric mixed model ANOVA for the effect of NHPA on sequence learning showed a 346 main effect of block (F 10 =22.63, p=.0001), and a main effect of NHPA (F 3 =5.70, p=.001), but no 347 block by NHPA interaction (F 30 =.30, p=1) (Figure 3a) . The post hoc Mann Whitney U test for 348 average reaction time across blocks showed that the main effect of NHPA is driven by a 349 significantly longer reaction time for the carriers of 1 high performance allele compared to 350 carriers of 4 high performance alleles (U=27, p=.03). Also, there was no significant correlation 351 between NHPA and accuracy level (R=.18, F 1 =2.19, p=.14). However, a non-parametric mixed 352 model ANOVA for the effect of NHPA on errors across blocks showed that there was a main 353 effect of NHPA (F 3 =8.07, p=.0001) and a main effect of block (F 10 =8.9,p=.0001), but no NHPA 354 by block interaction (F 30 =.47, p=.99). The post hoc MWU showed that the main effect of NHPA 355 on the number of errors across blocks is driven by the significantly higher number of errors made 356 by carriers of 1 high performance allele compared to carriers of 4 (U=5721,p=.005), 357 3(U=10569,p=.0001), and 2(U=5876,p=.01) high performance alleles (Figure 3b) . Overall, these findings demonstrate that COMT and DRD2 genotypes, when combined, 363 are associated with motor performance (i.e. reaction time and errors) but not learning in the 364 sequence task. 365 366 367
Visuomotor Adaptation 368 369
Pre-test phase_ COMT: A non-parametric group by block mixed model ANOVA for the 370 first two blocks of the visuomotor adaptation task showed no main effect of block (F 1 =.12, 371 p=.72), or COMT (F 2 =2.46, p=.08), nor a COMT by block interaction (F 2 =.12, p=.88) ( Figure  372   4a) . 373
Pre-test phase_ DRD2: A non-parametric group by block mixed model ANOVA showed no 374 main effect of block (F 1 =.33, p=.56), or DRD2 (F 2 =.27, p=.75), nor a DRD2 by block interaction 375 (F 2 =1.16, p=.31) (Figure 5a) . 376
These findings support that all participants, regardless of their genotype group, had equal 377 pretest performance. 378 379 Adaptation phase _COMT: A non-parametric group by block mixed model ANOVA 380 showed a main effect of block (F 9 =107.07, p=.0001), and a main effect of COMT (F 2 =28.10, 381 p=.0001), but no COMT by block interaction (F 18 =1.03, p=.42) on direction error during the 382 adaptation phase. The post hoc Mann Whitney U test on average DE across blocks revealed that the val-val group demonstrated a larger DE compared to both met-met (U=31, p=.001) and val-384 met (U=70, p=.002) groups.These findings demonstrate reduced performance in the adaptation 385 phase for the val-val group that stayed constant throughout the adaptation period (Figure 4a) . 386
The rate of exponential decay was not significantly different between COMT genotype groups 387 (Figure 4b) . 388 389 Adaptation phase _DRD2: A non-parametric group by block mixed model ANOVA showed 390 a main effect of block (F 9 =37.64, p=.0001), and a main effect of DRD2 (F 2 =7.04, p=.001), but 391 no DRD2 by block interaction on direction error during the adaptation blocks (F 18 =.62, p=.88). 392
The post hoc Mann Whitney U test on average DE across blocks showed no significant 393 difference between the sizes of DE (Figure 5a ) and the decay constants (Figure 5b) in each 394 DRD2 genotype groups, making it difficult to disentangle the genotype main effect. 395
396
Finding a main effect of block on DE across adaptation blocks supports that performance 397 improved across blocks for all subjects. The level of improvement was affected by genotype, as 398 supported by genotype main effects on the adaptation blocks but not the pre-test blocks. 399 400
Re-adaptation phase (washout)_COMT: A non-parametric group by block mixed model 401
ANOVA for the last two blocks (blocks 13 and 14) revealed a main effect of block (F 1 =101.83, 402 p=.0001), but no main effect of COMT (F 2 =2.46, p=.08), nor a COMT by block interaction 403 (F 2 =.73, p=.48) (Figure 4a) . 404
Re-adaptation phase (washout)_ DRD2: A non-parametric group by block mixed model 405
ANOVA showed a main effect of block (F 1 =40.67, p=.0001), but no main effect of DRD2 406 (F 2 =.27, p=.76), nor a DRD2 by block interaction (F 2 =.46, p=.62) (Figure 5a) .
The main effect of block found for both genetic loci in the washout period indicates that 408 after-effects were reduced with practice for all subjects, and the degree of this effect was not 409 associated with genotype. 410 Visuomotor Adaptation_ high-performance alleles: A significant correlation between the 417 additive effect of high-performance alleles and average DE in the adaptation phase was found 418 using a non-parametric linear regression (R=.40, F 1,65 =12.62, p=.001) (Figure 7) . In contrast, no 419 correlation was found in the baseline or washout period. Further, a non-parametric mixed model 420 ANOVA for the effect of NHPA on visuomotor adaptation showed a main effect of block 421 (F 9 =102,26, p=.0001), and a main effect of NHPA (F 3 =17.55, p=.0001), but no NHPA by block 422 interaction (F 27 =.61, p=.94) (Figure 6a) . The post hoc Mann Whitney U test on average DE 423 across adaptation blocks revealed that carriers of 1 high-performance allele showed poorer 424 adaptation (larger DE) compared to carriers of 4 (U=27, p=.03) and 3 (U=62, p=.04) high-425 performance alleles. Also, carriers of 2 high-performance alleles showed a trend for poorer 426 adaptation compared to carriers of 4 high-performance alleles (U=66, p=.054). There was no 427 significant difference between the sizes of decay constants corresponding to NHPA (Figure 6b) . In sum, these findings reveal that COMT and DRD2 genotypes are associated with differences in 436 visuomotor adaptation. 437
Visuo-spatial working memory capacity: 438
Working memory tests_ COMT: A non-parametric one-way ANOVA revealed no main 439 effect of COMT on VAC score (F 2,63 =.04, p=.95) or Card Rotation score (F 2,63 =.70, p=.49) . 440
Working memory tests_ DRD2: A non-parametric one-way ANOVA revealed no main effect 441 of DRD2 on VAC score (F 2,65 =.25, p=.77) or Card Rotation score (F 2,65 =.59, p=.55). 442
Working Memory tests_ High performance alleles: A non-parametric linear regression for 443
the correlation between the working memory capacity and NHPA revealed no significant 444 correlation for VAC score (R=.06, F 1,64 =.27, p=.60) or Card Rotation score (R=.002, F 1,65 =.0001, 445 p=.99). Also, a non-parametric one-way ANOVA showed no main effect of NHPA on VAC 446 score (F 3,62 =.36, p=.78) and Card Rotation score (F 3,63 =.18, p=.90). 447 In summary, we found no effects of COMT and DRD2 genotypes on working memory, 448
suggesting that genotype associations with motor learning are not driven by reliance on working 449 memory. 450
The summary of the results for sequence learning, visuomotor adaptation and working 451 memory tasks is shown in table 3, representing the main effects of COMT and DRD2 genotypes 452 and NHPA factor in each task separately. 453 454 In the current study we hypothesized that COMT val158met (re4680) and DRD2 G>T (rs 458 1076560) genetic polymorphisms would be associated with inter-individual variability in motor 459 learning. We also hypothesized that visuo-spatial working memory capacity would contribute to 460 this genotype effect in both motor sequence learning and visuomotor adaptation tasks. We found 461 that performance, but not sequence-specific learning in the sequence learning task, is associated 462 with common variations in both the COMT and DRD2 genes. We also found evidence 463 supporting a COMT genotype association with the size of direction errors in the visuomotor 464 adaptation task, indicating a poorer adaptation of the val-val group. We found no difference 465 between DRD2 genotype groups in performance of the visuomotor adaptation task. Moreover, 466 our results do not support the contribution of visuo-spatial working memory capacity to any of 467 these genotype effects in the sequence learning and visuomotor adaptation tasks. 468
Our findings on genotype-phenotype associations may bring up the question of whether 469 there is any potential compensation for genetic differences in a transmitter system. There are 470 several factors that need to be taken into account when evaluating any correlations in a complex 471 system. Here, we only looked at dopaminergic signaling and its' influence on motor learning and 472 adaptation. However, a more comprehensive study is needed to explore possible compensations 473 of other neuronal systems, neurotransmitters and neurochemicals that have impacts on learning 474 and memory. For instance, carriers of COMT val and DRD2 T alleles (associated with lower 475 dopamine availability) could potentially benefit from a compensatory mechanism through 476 cholinergic system or estrogen signaling (Patterson et al. 2011 , Huang et al. 1999 . Moreover, an 477 individual's accumulated lifetime experiences, and long-term training of specific motor and 478 cognitive tasks could also overcome genotype effects (Mc Hughen et al. 2011). 479 480
Sequence learning 481
In general, we found a main effect of genotype on the average reaction time in the sequence 482 learning task, which suggests that motor control may be affected by individuals' genotype. We 483 found no interaction between the individuals' genotype group and performance in different 484 blocks (where the blocks' structure serves as a marker of learning that occurs only in sequence 485 blocks) and therefore, we propose that this genotype effect may be restricted to performance 486 benefits and not sequence learning. 487
In line with some previous studies (Nagel et al., 2008; Frank et al., 2009; Dumontheil et al., 488 2011 ) the effect of COMT genotype with better performance (faster response with no sacrifice of 489 accuracy) is associated with met-met homozygosity. Although, in our study, the association of 490 met-met homozygotes with fewer errors across blocks was not significant, the direction of the 491 effect indicates that reaction time benefits are unlikely to reflect a speed-accuracy trade-off. 492
For the DRD2 genotype, the TT group's small sample size (3 subjects) provides low 493 statistical power for interpretation of additive effects. Our results showed impaired performance 494 of those with the TT genotype on overall reaction time, but no significant genotype association 495 with the extent of learning in any learning phase. The results suggest that the G allele carriers 496 (heterozygotes and homozygotes) may demonstrate an overall performance benefit (and not a 497 learning benefit) compared to the TT homozygote group. The DRD2 T allele has been linked to 498 decreased expression of striatal D2 receptors, which results in less efficient cognitive and motor 499 processing (Bertolino et al., 2010) . Neuroimaging studies have shown greater fMRI BOLD 500 responses in the striatum, premotor and motor cortex of T allele carriers performing a simple 501 motor task, which suggests reduced neural efficiency (Zhang et al., 2007; Fazio et al., 2011). 502 These studies compared the homozygote GG group with the heterozygote GT group (due to the 503 lack of subjects who are homozygous for the T allele) and suggest poorer performance for the GT 504 group. In line with those findings, we found that the GG group made fewer errors across blocks 505 than the GT group. 506
Our results for the sequence learning task demonstrate that both COMT and DRD2 alleles 507 may underlie motor performance, but not motor learning. 508 509
Visuomotor Adaptation 510
Sensorimotor adaptation varied only with COMT genotype and not with DRD2. We found 511 that the COMT val-val homozygote group exhibited greater direction error (poorer adaptation) 512 across the adaptation trials than both met-met and val-met groups, indicating a learning deficit for 513 the val-val group. Finding no genotype effects in pre-test performance, while finding a 514 significant genotype effect in the adaptation phase, supports an association between COMT 515 genotype and sensorimotor adapation Doyon and Benali (2005) reviewed the neural correlates of 516 motor sequence learning and visuomotor adaptation. They proposed that there are overlapping 517 neural substrates of sequence learning and sensorimotor adaptation during early learning, 518 including basal ganglia, cerebellum, prefrontal, premotor and parietal cortices, with activation 519 shifting to reduced and more specialized regions later in learning. Early learning engagement of 520 the striatum and prefrontal cortex in sensorimotor adaptation (Seidler et al., 2006; Anguera et al., 521 2007) fits well with the COMT allelic effects that we observed. There are several explanations 522 for why we did not observe DRD2 effects on adaptation. This may be because the DRD2 523 genotype is thought to influence subcortically mediated behaviors, while COMT has been more 524 frequently linked to prefrontally mediated tasks (Wiener et al., 2011) . Several studies have 525 reported prefrontal cortical involvement during sensorimotor adaptation (Anguera et al., 2010 (Anguera et al., , 526 2011 , whereas very few report striatal activation with adaptation (Seidler et al., 2006) . Sensorimotor adaptation is more frequently linked to cortico-cerebellar than cortico-striatal 528 pathways (Doyon and Benali, 2005) . 529 530 Previous studies have identified the engagement of premotor, prefrontal, temporal and 531 parietal cortical regions, as well as the cerebellum and bilateral basal ganglia in visuomotor 532 adaptation (Clower et al., 1996; Ghilardi et al., 2000; Imamizu et al., 2000; Krakauer et al., 2004; 533 Seidler et al., 2006) . Our failure to observe a DRD2 genotype association with the rate of 534 visuomotor adaptation can potentially be explained by the duration and difficulty of our design; 535 we only assessed learning in a single session. A previous study reported an association between 536 BDNF genotype and visuomotor adaptation but only at retention (after 24h) and not during the 537 initial adaptation (Joundi et al., 2012) . These authors discussed the important role of duration and 538 difficulty of the task in the magnitude of genetic effects; however, their gene of interest was not 539 DRD2. They suggested that the size of the effect was associated with the size of the visuomotor 540 distortion, as significantly larger direction errors are found for an 80 degrees perturbation than 541 for 60 degrees. We used a 30 degrees rotation in the current study, which could further point 542 towards a role of task difficulty as a moderating effect of the genotype impact on visuomotor 543 adaptation. 544 545
Studies in patients with Parkinson's disease 546
Parkinson's disease (PD) studies have provided invaluable information for evaluating the 547 effect of dopamine activity on motor sequence learning and visuomotor adaptation tasks (Cools 548 et al., 2001) . Some studies have demonstrated impaired implicit sequence learning in patients 549
with PD (Doyon et al., 1997; Shin and Ivry, 2003) , while others showed that this impairment is not evident in the early stages of PD (Muslimović et al., 2007) . We have shown previously that 551 PD patients who are carriers for the low performance alleles (DRD2 T) show higher levels of 552 early sequence learning improvement with medication than carriers of high performance alleles 553 (DRD2 G) who initially have higher striatal dopamine availability (Kwak et al., 2013) . We 554 speculate that the absence of association between sequence learning and DRD2 genotype in the 555 current study is due to redundant and compensatory systems in healthy young adults. 556
As for the sensorimotor adaptation task, the results of PD studies suggest a compensatory 557 mechanism of the cerebellum (due to striatal impairments) and a role for dopaminergic 558 transmission less in early adaptation and more in the retention phase (Marinelli et al., 2009; 559 Kapogiannis et al., 2011; Leow et al., 2012) . 560 561
Working memory Capacity 562
We have shown previously that visuo-spatial working memory capacity is associated with 563 the rate of both sequence learning (Bo and Seidler, 2009 ) and sensorimotor adaptation (Anguera 564 et al., 2009 (Anguera 564 et al., , 2010 . Given that dopaminergic pathways underlie working memory (Cools et al., 565 2007 (Cools et al., 565 , 2008 Moustafa et al., 2008; de Frias et al., 2010; Cools and D'Esposito, 2011) , we 566 measured genotype effects on working memory capacity to determine whether this might be the 567 route by which genotypes for genes involved in dopaminergic transmission impact motor 568 learning. However, we did not find evidence supporting a genetic association with working 569 memory capacity. Also, we found no correlation between the working memory capacity and 570 sensorimotor learning, in the two variant loci measured. Our findings suggest that the effect of 571 dopaminergic genotypes on sequence motor learning and visuomotor adaptation is not through 572 their effect on working memory capacity. Previous studies have also reported mixed results on 573 genotype association with working memory. Many studies have failed to find such an effect 574 (Tsai et al., 2003; Bilder et al., 2004; Ho et al., 2005; ) , while others reported a reliable COMT 575 effect on working memory and executive function in older adults, but not in young adults (Nagel 576 et al. 2008 , Harris et al., 2005 de Frias et al., 2004 de Frias et al., , 2005 . These studies suggest that there is an 577 important role of age in unmasking genotype effects. That is, there may be either ceiling effects 578 or intact compensatory pathways that are present in young but not older adults (Nagel et al. 579 2008) . 580
581
Additive effects of High performance alleles at two genes 582
Although we found a main effect of the NHPA on overall reaction time in the sequence 583 learning task, the learning extent in all three learning phases was not associated with the NHPA 584 factor. Those individuals who were carriers of only one high performance allele showed slower 585 response times (compared to carriers of four high performance alleles), and higher rates of errors 586 (compared to carriers of four, three or two high performance alleles) in performing the sequence 587 learning task. These results suggest that higher dopamine levels may be associated with 588 performance but not learning in the motor sequence learning task. 589 In the visuomotor adaptation task, we found a strong correlation between the rate of 590 adaptation (indicated by the size of DE) and NHPA, suggesting a more facilitated motor 591 adaptation for those individuals who are carriers of 4 or 3 HP alleles compared to carriers of just 592 1 or 2 HP alleles. The fact that we found this correlation between the rate of adaptation and 593 NHPA, while we did not find any correlation between learning extent in the motor sequence 594 learning task with NHPA provides support for the hypothesis of task specific genotype effects. 595
Taking the underling neural substrates of each task into consideration, it has been suggested that 596 motor adaptation is more dependent on cerebellar, parietal, and prefrontal circuits, with COMT 597 variation having its effects predominantly on the latter. 598
599
Limitations 600
As expected based on population distributions, we observed unequal numbers of individuals 601 in groups assigned by genotype. However, we found a dissociation in which we detected 602 associations between genotype and performance but not between genotype and learning (for the 603 sequence task), thus bolstering the notion that we had a sufficient sample size for detecting 604 effects. Nevertheless, future studies could benefit from larger sample sizes that provide even 605 higher statistical power to detect genotype-phenotype associations. Additionally, we employed 606 gender and ethnicity exclusion criteria for our participants based on previous literature 607 suggesting interactions between these factors and genotype effects, which prevents us from 608 generalizing our results to other ethnicities and healthy young males. Another caveat of this 609 study was the definition of three learning phases in the sequence-learning task, which was 610 relative to the duration of our task (30-40 minutes of total practice time). It's important to 611 consider that our definition of learning phases is task-specific and cannot be applied to different 612 motor learning paradigms. 613 614
Conclusion 615
In summary, our results support a role of genetic polymorphisms of COMT val158met and 616 DRD2 G>T in explaining inter-individual differences in motor performance and a role of COMT 617 in association with sensorimotor adaptation. Our findings were task specific and were not 618 correlated with an individual's working memory capacity. 
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of 1 high performance allele showed poorer adaptation (larger DE) compared to carriers of 4 (p=.03) and 851 3 (p=.04) high performance alleles. Also, carriers of 2 high performance alleles showed a trend for poorer 852 adaptation compared to carriers of 4 high performance alleles (p=.054). b) There was no significant difference between the carriers of 1,2,3, or 4 high performance alleles in the rate of exponential decay 854 across adaptation trials, or the size of decay constant. 855 856 Figure 7 . There was a significant correlation between the adaptation rate and number of high 857 performance alleles (p=.001). 
859
